Background and Aims: Hippo signalling is an evolutionarily conserved pathway that controls organ size by regulating cell proliferation, survival, apoptosis, and stem cell self-renewal. In addition, Hippo signalling is profoundly implicated in intestinal regeneration and cancer. However, its roles in the pathogenesis of Crohn's disease [CD] remain largely unexplored. 
Introduction
Crohn's disease [CD] , one of the two main forms of inflammatory bowel disease [IBD] , is a chronic inflammatory disease of the intestines that appears to be due to dysregulation of both innate and adaptive immunity responses. 1 CD may affect any part of the gastrointestinal tract, and can be accompanied by abdominal pain, diarrhoea, bowel obstruction, and weight loss, as well as extraintestinal manifestations and associated immune disorders. 2, 3 Currently, endoscopy and biopsy are the gold standard for evaluating the inflammatory activity of CD, and surgical resection is still required in approximately 70-80% of CD patients. Due to frequent recurrence caused by uncontrolled inflammation, many of these patients will require a second operation. 4, 5 The Hippo signalling pathway is evolutionarily conserved and plays a crucial role in cell proliferation, apoptosis, differentiation, and development. 6, 7 In mammals, phosphorylation cascades of Hippo core components MST1/2 [mammalian sterile 20-like kinase 1/2] and LATS1/2 [large tumour suppressor kinase 1/2] inactivate the transcriptional co-activator Yes-associated protein 1 [YAP] as well as its paralogue, transcriptional co-activator with PDZ-binding motif [TAZ] . YAP and TAZ are the major effectors of the Hippo signalling pathway. 8, 9 Phosphorylation of YAP or TAZ by LATS1/2 leads to their retention in the cytosol and subsequent degradation. Nuclear YAP and TAZ function as transcriptional co-activators, along with multiple transcription factors including TEA-domain [TEAD] family members, octamer binding transcription factor 4 [OCT4] , tumour protein p73, and zinc finger E-box binding homeobox 1 [ZEB1] , which ultimately increase expression of such target genes as CTGF, CYR61, AXL, and PTGS2. 6 Previously, loss of function studies have shown that YAP and TAZ are dispensable for gut homeostasis. 10, 11 Under the normal circumstances in the gut, Hippo signalling is tightly regulated, and YAP/TAZ are controlled by the inhibitory upstream kinases MST1/2 and LATS1/2, which are released during regenerative responses. [12] [13] [14] Indeed, our understanding concerning Hippo signalling in intestinal regeneration and cancer initiation is expanding, 15 but our knowledge about Hippo signalling in IBD, especially CD, remains scarce.
MicroRNAs [miRNAs] have emerged as a critical class of negative regulators of gene expression. They elicit their regulatory effects by base-pairing to partially complementary mRNAs, causing either degradation of target mRNA transcripts or inhibition of mRNA translation. 16 Accumulating evidence indicates that miRNAs play critical roles in the regulation of various biological and pathological processes, including innate and adaptive immune responses. 16, 17 In the past decade, a number of miRNAs have been demonstrated to be involved in the initiation, development, and progression of IBD, 18, 19 such as miR-301a, 20 miR-7, 21 and miR-124, 22 and they may have the potential to be used as biomarkers and therapeutic targets.
MiR-590-5p, a density-sensitive microRNA, has been reported to inhibit tumourigenesis by targeting YAP in colorectal cancer. 23 Previously, both tumour suppressor and oncogenic functions of miR-590-5p have been reported. 24, 25 In addition, miR-590-5p is also able to suppress the molecular signalling pathways involved in inflammation. 26, 27 In the present study we identified YAP, a component of Hippo signalling, as being upregulated in the intestinal epithelial cells [IECs] of CD patients and 2,4,6-trinitrobenzene sulphonic acid [TNBS]-induced colitis mice. We next investigated the role of YAP-associated miRNAs in modulating the pathogenesis of CD. We revealed reduced expression of miR-590-5p in CD, and further demonstrated its regulatory role on YAP and its inhibitory role on disease progression in TNBS-induced colitis mice. Finally, we also determined the roles of the miR-590-5p/YAP axis in human colorectal cancer tumourigenesis.
Materials and Methods

Tissue samples
Tissue biopsy samples were obtained from inflamed colonic areas of patients with CD [n = 25] and normal control subjects [n = 20] undergoing screening colonoscopies or surgery in Ren Ji Hospital [Shanghai, China]. All tissues were immediately frozen in liquid nitrogen and then stored at −80°C until use. All the procedures related to human subjects in this study were approved by the Medical Ethics Committee of the Ren Ji Hospital, School of Medicine, Shanghai Jiaotong University, under the ethics protocol. All patients who took part in this study provided written informed consent.
Animal studies
Female BALB/c mice [ages 6-8 weeks, weight 20-22 g] were purchased from the Laboratory Animal Center of Nanjing Medical University [Nanjing, China]. All animals received appropriate care according to the requirements of the Animal Care and Use Committee of Shanghai Jiaotong University. The TNBS-induced colitis mouse model was established as reported previously. 28 In brief, 3 mg of TNBS in 100 μl of 50% ethanol was administered via a transrectal polyethylene catheter inserted 4 cm from the anus. Mice [n = 10] were then kept in a vertical position for 30 s. An equivalent volume of 50% ethanol was used as a control. The severity of colitis was scored daily by recording standard parameters including body weight, diarrhoea, and bloody stools. Colonic tissues from the colitis model were removed, fixed in 10% formalin, embedded in paraffin, sectioned, and stained with haematoxylin and eosin.
Cell culture and reagent
Caco-2 and SW620 human colon carcinoma cell lines were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences [Shanghai, China] . Cells were grown in Dulbecco's modified Eagle's medium [Gibco, MD, USA] containing 10% fetal bovine serum [FBS; Gibco], 100 U/ml penicillin, and 100 μg/ml streptomycin [Gibco, MD, USA]. All cells were incubated in a humidified atmosphere containing 5% CO 2 at 37°C. YAP inhibitor Verteporfin was purchased from Selleck [Shanghai, China].
Isolation of IECs
Primary IECs were isolated from human/mouse intestine at a low temperature, using chelating agents. Briefly, the colon was removed from the sacrificed mice, cut into 0.5-cm pieces, and placed in cold phosphate-buffered saline to remove debris. Colonic biopsies from CD patients were obtained during endoscopic examination, and directly used as indicated after incubating at 37°C for 20 × 2 min in phosphate-buffered saline with 2 mmol/l DTT and 1 mmol/l EDTA under gentle shaking to isolate primary IECs. These cells were then collected and further purified via density gradient centrifugation with 20% and 40% percoll-RPMI solution. 
Immunohistochemistry
Formalin-fixed paraffin-embedded intestinal mucosal biopsy samples from CD patients or TNBS-induced colitis mice were cut into 5-μm sections for immunohistochemical [IHC] analysis. Briefly, sections were deparaffinised, followed by heat-mediated retrieval at 100°C in a water bath for 15 min in citrate buffer pH-6.0 to perform antigen retrieval. Endogenous peroxidase activity was blocked with peroxidase block solution H 2 O 2 -methanol for 15 min. Next, sections were blocked using normal goat serum followed by incubation in primary antibody [#52771, Abcam, Cambridge, UK] at 4°C overnight. Sections were subsequently incubated with horseradish peroxide-labelled secondary antibody and developed with diaminobenzidine. Counterstaining was performed with haematoxylin. Bright field images were taken at 20× and 40× magnification.
Enzyme-linked immunosorbent assays
A sandwich enzyme-linked immunosorbent assay [ELISA] was performed to analyse serum levels of IL-1β in this study. The cytokine IL-1β was measured using enzyme-linked immunosorbent assay [ELISA] kits from R&D Systems according to the manufacturer's protocol. Absorbance was measured at 450 nm and compared with the respective standard curve of the cytokines. 
Plasmid transfection
Cell proliferation, cell apoptosis, cell invasion, and cell cycle assay
Cell proliferation and cell invasion assay were performed as reported previously. 29 Cell apoptosis was detected by the Caspase-3/7 Detection Kit [G7790, Promega, San Jose, CA] according to the manufacturer's protocol. Briefly, cells were first starved for 24 h, followed by indicated treatments for another 24 h. Then caspase-3/7 activity was monitored using an Apo-ONE Caspase-3/7 assay kit. 
Results
YAP expression is significantly increased in IECs of CD patients
Hippo signalling is implicated in intestinal regeneration and cancer. 12, 14 However, the role of Hippo signalling in the pathogenesis of CD remains largely unknown. To examine the expression profile of components of Hippo signalling in CD tissues [ Figure 1A ], we isolated primary intestinal epithelial cells [IECs] from colonic biopsies of CD patients and healthy controls during endoscopic examination. As shown in Figure 1B , expression of YAP and TAZ was markedly upregulated in IECs from both CD patients, compared with that in healthy controls. YAP was selected for further study due to its larger fold change. Next, immunohistochemical analysis showed that YAP protein in the inflamed colonic mucosa of CD patients was elevated compared with healthy controls, especially in the epithelial layer [ Figure 1C ]. Because proinflammatory cytokines are highly expressed in the inflamed mucosa of CD patients, especially interleukin [IL]-1β, we next investigated the correlation between YAP and IL-1β. As expected, levels of IL1B mRNA were positively correlated with YAP mRNA expression in IECs from CD patients [ Figure 1D ]. Furthermore, a similar correlation was noted between the serum levels of IL-1β and YAP mRNA expression in IEC from CD patients [ Figure 1E ]. Taken together, these data indicate that YAP, a co-activator of Hippo signalling, is implicated in the pathogenesis of CD.
YAP expression is significantly increased in the TNBS-induced mouse model
Next, we determined the expression pattern of YAP in an animal model of inflammatory bowel disease [IBD], the TNBS-induced colitis model. As shown in Figure 2A and B, shortening of colon length and loss of body weight were significantly more pronounced in the TNBS-treated group than in the control group, suggesting successful establishment of the IBD mouse model. By qRT-PCR and western blotting analyses, we revealed that mRNA and protein levels of YAP were significantly upregulated in the TNBS-induced colitis mice compared with those in the control mice [ Figure 2C and D]. By IHC analysis, we noticed that YAP was intensely expressed in the inflamed colonic epithelial cells whereas YAP protein was barely detected in normal colonic epithelial cells [ Figure 2E ]. Collectively, these results indicate that YAP is also dysregulated in this preclinical model.
Downregulation of miR-590-5p in CD tissues
Over the past decade, knowledge of microRNAs in CD has expanded and indicates that microRNAs play an important role in this disease. We hypothesised that dysregulation of YAP in CD may be regulated by miRNAs. To uncover the potential target miRNA [s] for YAP in CD, two bioinformatic software programs, miRDB and TargetScan, were used for prediction. As a result, four miRNAs were identified as candidates, named miR-200a-3p, miR-141-3p, miR-21-5p, and miR-590-5p [ Figure 3A ]. By qRT-PCR analysis of candidate miRNAs expression in colonic biopsies of healthy controls and CD patients, we found that only miR-590-5p was significantly downregulated in CD tissues in relative to healthy subjects [ Figure 3B ]; similarly, miR-590-5p was also downregulated in TNBS-induced colitis mice compared with in the control mice, as revealed by qRT-PCR [ Figure 3C ], respectively. Interestingly, the levels of IEC-derived YAP were inversely correlated with miR-590-5p in CD patients [ Figure 3D ], suggesting that miR-590-5p might be the regulatory miRNA responsible for YAP expression in CD. Meanwhile, mRNA and serum levels of IL-1β were inversely correlated with miR-590-5p levels in IECs from CD patients [ Figure 3E and F].
Identification of YAP as a direct target of miR-590-5p
Given the inverse correlation between miR-590-5p and YAP, we next investigated whether YAP is a putative target of miR-590-5p. The putative binding site of miR-590-5p in the 3'-UTR of human YAP was shown in Figure 4A . To uncover whether miR-590-5p directly binds to the 3'-UTR of YAP and leads to its translational inhibition, we performed gain-of-function and loss-of-function studies in two colonic cell lines, Caco-2 and SW620, by transfection with miR-590-5p mimic or the inhibitor [ Figure 4B ]. Compared with the mimic control, the miR-590 mimic significantly reduced the expression of YAP at the protein level in both Caco-2 and SW620 cells [ Figure 4C ]. Conversely, treatment with anti-miR-590-5p remarkably increased the protein expression of YAP [ Figure 4D ], suggesting that miR-590-5p may be a direct regulator of YAP at the translational level. To further examine whether miR-590-5p directly targets the 3ʹ-UTR of human YAP mRNA, we constructed two luciferase reporter plasmids encoding a firefly luciferase transcript with either the wild-type or mutant 3'-UTR of YAP. As a result, overexpression of miR-590-5p significantly inhibited the luciferase reporter activity of the wild-type 3'-UTR of human YAP, whereas suppression of miR-590-5p upregulated the luciferase reporter activity of YAP [ Figure 4E ]. Importantly, no significant difference was observed in the mutant plasmid. Taken together, these data unequivocally demonstrate that miR-590-5p acts as a direct regulator of YAP.
MiR-590-5p or YAP inhibitor attenuates TNBSinduced colitis in mice
Next, we sought to investigate whether miR-590-5p can modulate the inflammatory process by targeting YAP in TNBS-induced mice colitis. We administered pre-miR-590-5p to mice via tail vein on 3 consecutive days at a dose of 5 mg/kg. Tissue biopsy and histopathological examinations showed that pre-miR-590-5p treatment significantly attenuated colitis as revealed by colon length [ Figure 5A ], body weight [ Figure 5B ], decreased pathological scores [ Figure 5C ], and lower myeloperoxidase [MPO] activity [ Figure 5D ]. Also qRT-PCR analysis of colon tissues from three groups of mice revealed that expression of YAP mRNA was markedly decreased in IEC from miR-590-5p mimic-treated mice compared with that in mimic control mice [ Figure 5E ]. Moreover, the mRNA expression of the downstream targets of Yap, including Ptgs2, Ctgf, and Cyr61, were markedly decreased in the colons of pre-miR-590-5p-treated mice compared with that in mimic control mice [ Figure 5F ]. Next, we determined whether the YAP1 inhibitor Verteporfin inhibits TNBS-induced colitis. The result was that Verteporfin significantly ameliorated TNBS-induced colitis as demonstrated by colon length [ Figure 5G ], body weight [ Figure 5H ], decreased pathological scores [ Figure 5I ], and lower MPO activity [ Figure 5J ]. Together, our results indicate that targeting the miR-590-5p/YAP axis is sufficient to reduce colitis in the TNBS-induced mouse model. 
The oncogenic roles of YAP in colorectal cancer
Finally, we analysed the expression pattern of YAP in colorectal cancer. The pattern of YAP overexpression in human colorectal cancer was commonly found in many cohorts derived from the Oncomine database [ Figure 6A ]. By qRT-qPCR, we found that levels of YAP mRNA were closely correlated with miR-590-5p expression in tumour tissues from 30 colorectal cancer patients [ Figure 6B ]. Given these findings, we tested whether miR-590-5p plays a tumour-suppressive role in colorectal cancer by targeting YAP. As shown in Figure 6C -F, treatment with miR-590-5p mimics decreased cell proliferation [ Figure 6C ], cell cycle progression [ Figure 6D ], and invasive abilities [ Figure 6F ], and promoted cell apoptosis [ Figure 6E ] of Caco-2 and SW620 cells. Notably, overexpression of YAP largely compromised the inhibitory effects induced by miR-590-5p [ Figure 6C -F]. Collectively, these findings suggest that miR-590-5p/ YAP contributes to malignant phenotypes in human CRC cells.
Discussion
In the past decade, significant scientific progress has broadened our understanding of the function and regulation of Hippo signalling in the gut epithelium. Despite these achievements, many important questions are left unaddressed. As the well-known downstream transcriptional coactivator of the Hippo pathway, YAP has been demonstrated to play critical roles in gut epithelium, particularly in intestinal stem cells. In the current study, we revealed that IEC expression of YAP is remarkably increased in patients with CD and in mice with colitis. In addition, we identified miR-590-5p as a direct modulator of YAP. By establishing experimental models of colitis, we found that miR-590-5p not only reduced intestinal inflammation, but also suppressed human colorectal cancer by inhibiting cell proliferation, cell invasion, and promoting cell apoptosis, possibly through targeting YAP. The mammalian Hippo pathway is of great importance in maintaining normal intestinal homeostasis.
14 Normally, the Hippo pathway is constitutively active. 30 Dysregulation of Hippo signalling can lead to tissue overgrowth and colorectal cancer tumourigenesis. For example, conditional knockout of MST1 and MST2 in IECs lead to a disorganised villus structure, expansion of undifferentiated cells, dysplastic epithelia, and adenomas. 31 In addition, mouse small and large intestines with SAV1 deficiency show enlarged crypt structures and increased polyp formation. 32 Notably, mice with YAP and/or TAZ-deficient intestines have no significant adverse phenotype under homeostasis, suggesting that YAP and TAZ might be dispensable under non-pathogenic conditions. 10, 33, 34 However, the roles of the Hippo signalling pathway in IBD are still largely unknown.
In this study, we demonstrated that YAP is the most differentially expressed gene in inflamed CD mucosa among the components of the Hippo signalling pathway. Increased levels of YAP were closely associated with the intestinal inflammation. Furthermore, we also confirmed the expression pattern of YAP in the TNBS-induced colitis mouse model, suggesting the potential common roles of YAP in IBD. Consistent with our observation, several reports have shown that increased YAP protein levels are found 2-5 days after dextran sulphate sodium [DSS]-induced colitis. 32 Differing from the expression pattern of YAP staining in the crypt compartment of small intestine where the stem/progenitor cells reside, however, we found a ubiquitous expression profile of YAP in inflamed colon tissue. Interestingly, YAP regulation has been previously identified as a responsive mechanism for mucosal regeneration in IBD in a DSS-induced colitis mouse model. Activation of IL-6/gp130 signalling further triggers activation of YAP and Notch, which control tissue growth and regeneration. 35 Specifically, IEC-specific YAP depletion in gp130 Act mice reverses their DSS resistance. 35 Therefore, our studies and previous reports provide insights into the potential therapeutic value of targeting YAP in IBD.
The roles of miRNAs in the pathogenesis of IBD are increasingly recognised. 19 It has been proven that miR-122 directly targets the tight junction protein occludin to influence its impenetrability of barrier function. 36 MiR-146a and miR-320 lead to the disruption of intestine immune homeostasis by influencing different innate immune cells. 37, 38 In addition, many miRNAs can affect IBD by targeting autophagy-associated genes. 39 In this respect, we sought to uncover the regulatory miRNAs for YAP in IBD, identifying miR-590-5p as a candidate. Previously, miR-590-5p has been demonstrated to be a tumour suppressor in various human cancers including gastric cancer, 40 breast cancer, 41 renal cell carcinoma, 42 and colorectal cancer. 23, 25 In breast cancer, miR-590-5p inhibits cancer cell stemness and metastasis by targeting Sry-related high-mobility box SOX-2. 41 In colorectal cancer, miR-590-5p inhibits tumour angiogenesis and metastasis by regulating the nuclear factor 90/ vascular endothelial growth factor A axis. 25 Notably, miR-590-5p also inhibits colorectal cancer tumourigenesis by directly targeting YAP. 23 However, no reports are available concerning the role of miR-590-5p in IBD. In the present study, we show that the miR-590-5p level is significantly downregulated in the inflamed IECs of CD patients. Moreover, dramatically reduced levels of miR-590-5p were found in the TNBS-induced mice, and treatment of CRC cells with a miR-590-5p mimic resulted in decreased YAP, whereas miR-590-5p inhibitor led to increased YAP expression. Consistently, in vivo data indicated that miR-590-5p reduces colonic inflammation in TNBS-induced mice. Because YAP immunoreactivity is also present in the infiltrated immune cells, we cannot fully rule out that the immunomodulatory roles of miR-590-5p/YAP axis contribute to the amelioration of TNBS-induced colitis. Indeed, miR-590-5p can cause opioid-induced immunosuppression in human monocytes by targeting NF-κB signalling. 43 Taken together, these findings suggest that this axis may lead to the identification of therapeutic targets in IBD.
Dysregulation of the Hippo pathway leads to hyperactivation of YAP, subsequently causing uncontrolled stem cell proliferation and tumourigenesis. 44 YAP regulates a range of secreted factors that broadly function in regenerating crypts and adenomas, such as Il33 and Tgfb. 44 YAP also interacts with conserved signalling pathways, such as Wnt, Notch, Hedgehog, and bone morphogenetic protein [BMP] pathways, to promote cancer cell proliferation, migration, invasion, and maintenance of cancer cell stemness. [45] [46] [47] For instance, YAP interactions with Wnt/β-catenin signalling and Notch signalling suppresses liver tumourigenesis. 45 Previously, YAP has been reported to be overexpressed in multiple human malignancies, and its upregulation is closely associated with poor prognosis in cancer patients. 48 In the current study, we first asked whether the expression profile of YAP is dysregulated in colorectal cancer. Using the GEO datasets, we revealed that YAP mRNA was highly expressed in human colorectal cancer. Specifically, genetic silencing of YAP in two colorectal cell lines significantly inhibited the oncogenic roles of YAP on cell proliferation, cell apoptosis, and cell invasion. Of note, there was a close correlation between miR-590-5p and YAP expression in human colorectal cancer tissues. These findings confirm the importance of miR-590-5p-YAP in the tumourigenesis of colorectal cancer. Although the severity and extent of IBD seem to be major factors associated with the development of colitis-associated cancer [CAC] in IBD patients, the molecular mechanisms underlying this link only recently started to be uncovered. With regard to the roles of the miR-590-5p/YAP axis in TNBS-induced colitis and colorectal cancer, we are exploring whether the miR-590-5p/YAP axis is implicated in the development and progression of CAC.
In conclusion, our findings for the first time show that increased YAP expression and decreased miR-590-5p level may serve as a molecular signature for CD and colorectal cancer. The miR-590-5p/ YAP axis is profoundly implicated in the development of intestinal inflammation. Overexpression of miR-590-5p suppresses intestinal inflammation in TNBS-induced colitis by directly targeting YAP. Thus, our data uncover a new and promising therapeutic target in the clinical treatment of CD and colorectal cancer. 
Conflict of Interest
There are no potential competing interests.
